We describe a pointsource sensitizer-tipped microoptic device for the eradication of glioma U87 cells. The device has a mesoporous fluorinated silica tip which emits singlet oxygen molecules and small quantities of pheophorbide sensitizer for additional production of singlet oxygen in the immediate vicinity. The results show that the device surges in sensitizer release and photokilling with higher rates about midway through the reaction. This was attributed to a self-amplified autocatalytic reaction where released sensitizer in the extracellular matrix provides positive feedback to assist in the release of additional sensitizer. The photokilling of the glioma cells was analyzed by global toxicity and live/dead assays, where a killing radius around the tip with~0.3 mm precision was achieved. The implication of these results for a new PDT tool of hard-to-resect tumors, e.g. in the brain, is discussed.
INTRODUCTION
There are examples of sensitizers conjugated to compounds or nanoparticles that lead to improved photodynamic therapy (PDT) results (1) (2) (3) (4) (5) (6) . Sensitizer conjugation to, for example, metal particles or silica have been seen to increase PDT efficiency (7, 8) and singlet oxygen production (9) (10) (11) (12) (13) . Common PDT techniques (14) systemically administer the sensitizer relying on homing to the appropriate site, but attention could be focused on "pointsource" administration techniques as distinct from topical administration.
We describe a pointsource microoptic device that photoreleases sensitizer and emits 1 O 2 from a silica probe tip (Fig. 1) . The device is used here to kill glioblastoma cells where pheophorbide molecules readily cleave off of the probe tip by oxidation of the ethene linker (Fig. 1b,c) (15) . Such oxidation processes resulting in bond cleavage (16) based on singlet oxygen chemistry (17) (18) (19) (20) have been of interest to us.
Our interests are also in adsorption reactions that participate on silica surfaces. In recent work, we developed surface coatings (designed as a repellent fluorosilane probe surface) for enhanced pheophorbide photorelease of up to 99% of the ethane bonds broken in toluene (21) . This fluorinated silica surface was also used for sensitizer drug release and photokilling of ovarian cancer (OVCAR-5) cells-providing initial estimates the device may function as a PDT implement (22) .
Based on recent work (21, 22) , we sought to answer chemical and biological questions in the drug photorelease process. For example, can we explain mechanisms of sensitizer uptake into the cells and the precision of killing when the probe tip is placed in U87 monolayers? Our reasons for pursuing this work are (1) to address significant challenges in the clinic in removing cancers to minimize damage to normal tissue (23, 24) , and (2) to identify potential benefits of the pointsource approach over conventional systemic photosensitizer delivery, particularly for PDT in the brain, where sensitizer delivery is problematic due to the blood-brain barrier. Here, we describe detailed studies of the pointsource PDT technique, using principles of organic chemistry and photobiology for a basic understanding of interfacial phenomena for sensitizer-photorelease control and cell-killing precision.
In one respect, our work bears similarity to an optical fiber system developed by Kandler et al. (25) which is ideal for cultured neurons and brain slices containing caged reagents for photouncaging reactions where the light spot is focused.
MATERIALS AND METHODS
Materials. Sterile DMSO, chloroform, hydrofluoric acid and propidium iodide solution (1 mg mL À1 in water, dead cell stain) were purchased from Sigma Aldrich (St. Louis, MO). Calcein AM (live cell stain), fetal bovine serum (FBS) and the MTT reagent were purchased from Life Technologies (Carlsbad, CA). Pyropheophorbide-a was purchased from Frontier Scientific (Logan, UT). Aqueous-based tissue solubilizer solution was purchased from PerkinElmer (Waltham, MA). Pierce â BCA protein assay kit was purchased from Thermo Scientific (Rockford, IL). Minimum Essential Medium Eagle (Mod.) 19 (MEM), Dulbecco's Phosphate-buffered salt solution (PBS) and 5000 I.U. mL À1 penicillin/ streptomycin and 50-mg mL À1 streptomycin were purchased from Mediatech (Herndon, VA). U87 MG ATCC â HTB-14 TM cells were purchased from ATCC (Manassas, VA). To make complete MEM growth media, 1% (v/v) 5000 I.U. mL À1 penicillin/streptomycin and 50 mg mL À1 streptomycin and 10% (v/v) FBS was added to a 500 mL bottle of MEM media. Cell culture glass bottom dishes (29 mm glass well size and 14 mm microwell) and #1 cover glass (0.13-0.16 mm) were purchased from In Vitro Scientific (Sunnyvale, CA). Falcon 35 mm cell culture dishes and 24-well cell culture plates were purchased from Becton Dickinson Labware (Franklin Lakes, NJ). Corning's code 7930 porous Vycor glass (PVG) was purchased from Advanced Glass and Ceramics (Holden, MA).
Device fabrication and instruments. We have used this device previously (22) . A 3 ft long fiber optic was purchased from Fiberoptic Systems, Inc. (Simi Valley, CA). It had an internal 1.1 mm diameter Teflon gas flow tube from the distal end to a T-valve that was surrounded by excitation fibers, as well as a 1.4 mm diameter black polyvinyl chloride jacket. The Vycor was shaped into cylindrical pieces 5 9 10 mm 2 (d 9 l) with a Buehler IsoMet Low Speed Saw (Model 11-1280-160), a Buehler ultrasonic disk cutter (Model 170) and a Buehler variable speed grinder-polisher. A hole 1.5 9 7.0 mm 2 (d 9 l) was bored into the glass pieces with a dremel drill (Model 200) to fit to the fiber optic and was glued in place with ethyl cyanoacrylate. The synthesis of the pheophorbide-modified probe tips was carried out using a procedure as described previously (15, 26) . The amount of sensitizer covalently bonded to the probe tips was obtained to be 70 nmol. The diameter of the sensitizer molecule is~20 A and pore sizes in the silica are~40 A. The penetration depth of the sensitizer is 0.08 mm along the outer faces of the probe tip. Light was delivered from a 669 nm CW diode laser (model 7404, 700 mW, 4.1 A output, Intense Inc., North Brunswick, NJ) that was connected to the optical fiber and the power (1 W cm À2 , spot size 0.196 cm 2 ) was determined with a VEGA Laser Power Energy Meter (Ophir Laser Measurement Group, LLC, North Logan, UT). With the optical fiber pinned to a translation stage (OptoSigma Corp., Santa Ana, CA) for AE0.1 mm precision movement, the diode laser was connected to its proximal end through an SMA connector. Based on a previous report (27) , the O 2 gas flow rate through the probe tip was~0.2 ppm min À1 as measured by a Clarke-type oxygen electrode. The amount of sensitizer covalently attached was determined by monitoring its Soret absorption (k = 415 nm) after liberation from unused probe tips on dissolution with 40% (v/v) aqueous hydrofluoric acid and extraction with chloroform. The total amount of sensitizer remaining on the probe tip after photorelease was measured in terms of mV using a Labsphere integrating sphere (North Sutton, NH) attached to a Fluke 79 Series II Digital Multimeter (John Fluke Mfg. Co., Vail, AZ). The multimeter was calibrated prior to use and the amount of covalently bound and adsorbed sensitizer were obtained from calibration curves. Fluorescence measurements were made with a SpectraMax M5 Multi-Mode Microplate Reader from Molecular Devices (Sunnyvale, CA). Absorbance measurements were made with an Evolution 300 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Franklin, MA).
Sensitizer photorelease in phosphate-buffered saline. Oxygen gas and 669 nm excitation light, intensity of 1 W cm À2 (measured with fiber, without cap) were delivered for 2 h, through the fiber optic to probe tip loaded with covalently bound sensitizer dipped in a 200 lL PBS solution. From the photocleaved pheophorbide PBS solution, 50 lL was sampled out at 0.5, 1, 1.5 and 2 h periods and diluted with 50 lL DMSO to measure fluorescence of the sensitizer. The photocleavage of sensitizer away from the probe tip was followed by fluorescence in solution (k ex = 405 nm, k em = 675 nm) using the plate reader. The concentration of photosensitizer was obtained from the preconstructed calibration curves of pheophorbide in (1:1) (v/v) DMSO:PBS solution. The amount of pheophorbide photoreleased was calculated as follows: % photorelease = [(photorelease/loading per area)] 9 100. A 1/10th portion of the cap was dipped in 200 lL PBS solution and the quantity of dye that photocleaved was based on the amount of sensitizer covalently attached (7 nmol) to the front face of the cap (20 mm 2 area). The amount of sensitizer adsorbed was measured by soaking the cap in 1 mL n-butanol solution for 24 h followed by fluorescence measurements using the plate reader.
Cellular uptake in U87 MG cell monolayer. Human brain carcinoma cells (U87 MG) were maintained in complete MEM growth media at 37°C in a 5% CO 2 incubator. U87 cells (100 000 per well) were seeded in a 24-well cell culture treated plate and maintained at 37°C in the 5% CO 2 incubator. Twenty-four hours later, 0.20 mL volume of MEM media (without phenol red) containing concentrations of pyropheophorebide-a ranging from 0.025 to 2.5 lM in 1% (v/v) DMSO was added to the cells under subdued light conditions. The cells were incubated with the pyropheophorebide-a containing media for times ranging from 0.5 to 2 h. At each time point, the 0.20 mL of the supernatant media was removed from each well and diluted with 0.20 mL DMSO to determine the amount of pheophorbide remaining in the media by fluorescence using a microplate reader. The pheophorbide taken up and associated with the membrane of the U87 MG cells was extracted in 200 lL of the tissue solubilizer solution by digesting the cells for 30 min and the concentration of pheophorbide in the cell lysates was measured by fluorescence. Intracellular and bound concentrations of pheophorbide were quantified from preconstructed calibration curves of known concentration range of pheophorbide in cell lysates. The total protein content of the cell lysates was determined using the BCA protein assay kit, and calibration curves prepared from known concentrations of BSA in the tissue solubilizer solution.
Phototoxicity of pyropheoporbide-a in U87 MG cell monolayer. U87 cells (210 000 per well) were plated in a 35 mm cell culture dish in complete MEM media and maintained at 37°C in a 5% CO 2 incubator for 24 h. A concentration range of pyropheophorbide-a in 1.0 mL MEM media (0.025-2.5 lM) was added to U87 cell monolayer. Immediately after addition of the media containing pheophorbide, the cells were treated with the device fitted with a "bare" tip at 669 nm laser, 150 mW cm À2 intensity and continuous oxygen sparging for 0.5 or 1.0 h. Control conditions such as "no treatment," "light only" and "dark control" containing 2.5 lM pheophorbide were also done to ensure the reliability of the data. Postdevice treatment, the media containing pheophorbide were aspirated and fresh complete growth MEM media were added to each treatment and control dish, and maintained at 37°C in a 5% CO 2 incubator. Next day, cell viability was measured by assay (28) and the surviving fraction was normalized to the "no treatment" controls.
Treatment procedure. U87 cells (170 000 per well) were plated in 29 mm glass bottom cell culture dish with 14 mm glass bottom microwell insert, in complete MEM media and maintained at 37°C in a 5% CO 2 incubator. Before treatment, media were aspirated and 0.20 mL complete growth MEM media with 1% (v/v) DMSO were added to the cell culture dish. The probe tip loaded with covalently bound sensitizer was placed 0.25 mm above the cells. Device treatment was carried out for 0.5 to 2 h periods with 669 nm light with an intensity of 1 W cm
À2
(measured with fiber, without cap) with continuous oxygen sparging, as "treatment" groups. Controls such as "no treatment" control, "light only" control with the bare tip and pheophorbide-loaded "tip only" control were done to evaluate the toxicity coming from only light or 1% (v/v) DMSO in MEM media. Postdevice treatment, DMSO-containing MEM media were removed, complete growth MEM media were replenished in their place and cells were maintained at 37°C in 5% CO 2 incubator. To determine phototoxicity after 24 h, the media were removed from the cells, the cells were washed with PBS solution and then incubated for 30 min in a live/dead assay made of 0.001% (v/v) Calcein AM (live cell stain) and 0.002% (v/v) propidium iodide (dead cell stain) in PBS. The confocal fluorescence images of the stained cells were taken on the Olympus FV-1000 confocal using a 109 objective for the entire 14 mm glass microwell. The 488 nm line from an Argon ion laser with paired with a FITC filter set and a 559 nm diode source paired with a TRITC filter set were used to detect cleaved Calcein to label live cells. Cell viability was quantified from the fluorescence images using Image J software, where the surviving fraction was normalized to "no treatment" controls. Importantly, the red fluorescence was lowered due to the loss of detached cells during treatment and washing steps prior to imaging. However, this did not impact the analysis because cell viability was measured using Calcein AM (green fluorescence).
Sources of error. Errors arise from the following sources: (1) volumes were recorded by drawing the media up into a 250 lL Hamilton syringe (AE5 lL resolution; equates to 2.5% error). (2) Media evaporation took place (e.g. tens of microliters could be lost over the course of the experiment). However, media were added every 30 min to account for this to maintain the volume at 200 lL. ) of light had an error of~1%. (5) The normalized cell viability was calculated as the relative absorbance of the MTT reagent using the plate reader. The procedure of incubation with MTT reagent and extraction with DMSO, pipetting out 200 lL sample for absorbance introduces error of 2-5% in the cell viability calculation. (6) The radius of photoxicity was measured using the same protocol described in the "Treatment Procedure" section, using the Image J software "circle tool" option which introduced a~1% error.
RESULTS AND DISCUSSION
Cell phototoxicity and sensitizer uptake Initially, we carried out control experiments to find conditions for efficient cell killing. Figure 2 (light bars) shows the percent U87 cell viability, but with a device probe tip that was devoid of any sensitizer molecules. Here, pyropheophorbide-a spiked into U87 cell samples followed by light and oxygen from the device tip was used as a control. The U87 cell viabilities were analyzed 24 h post treatment with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. These controls demonstrate that greater than 90% cell killing is achievable with 0.5 lM pheophorbide after 1 h. The cell viability decreases as we add higher pyropheophorbide-a concentrations due to greater concentrations of 1 O 2 .
Our control experiments also demonstrate that the pyropheophorbide-a toxicity in the dark is minimal (i.e. 0-3% for 0.025-1.0 lM pheophorbide and 4% for 2.5 lM pheophorbide). Evidence for a photosensitized oxidation process is that in the absence of sensitizer, light, or O 2 the cell viability was~97%. In the absence of sensitizer, but the presence of light and O 2 for 1 h the cell viability was 92-94%. Figure 2 (dark bars) shows the concentration of pheophorbide that was taken up by U87 cells in MEM media. The dose of pheophorbide added to the cells ranged from 0.025 to 2.5 lM, which corresponded to cellular uptake ranging from 3.6 pmol/lg/ mL protein to 252.3 pmol/lg/mL protein. Despite the difference in the amounts of pheophorbide introduced, over 1 h the quantity of pheophorbide taken up was relatively fixed 15-24%, where the uptake appeared to be a linear relationship over this concentration range (slope = 0.152; R 2 = 0.9977). The data from Fig. 2 taken together point to a 92% cytotoxic response for the delivery of 0.5 lM and uptake of 51.7 pmol/lg/mL protein uptake of pheophorbide after 1 h. Although the porous silica probe tip readily loads different amounts of pheophorbide, the information in Fig. 2 helped us identify release quantities that achieve good-level killing.
Course of the sensitizer drug photorelease in phosphatebuffered saline
We have used a probe tip with 7-nmol pheophorbide covalently bound to the working front face. Figure 3 shows the percent of sensitizer photoreleased from the probe tip into 0.20 mL PBS. The plot shows a sigmoidal photorelease behavior. From 0 to 30 min, the photorelease was slow and was then followed by rapid photorelease. After 1.5 h, there was a deceleration. After 2 h, we found that~10% of the sensitizer had departed from the probe tip, although most of the ethene bonds were consumed (92-95%). The amount of sensitizer adsorbed on the tip was 82 AE 3% based on solvent washes with DMSO and n-butanol. This can be understood in terms of limited solubility of the sensitizer in PBS, thereby increasing its tendency to adsorb to the fluorinated silica probe surface.
We (26) previously showed that externally irradiated silicaconjugated sensitizer samples also produce a sigmoidal photorelease in n-butanol. There was a kinetic likeness in the photorelease although the sigmoid was 7.7-fold steeper in the n-butanol than the PBS. Silica surface properties (29) (30) (31) (32) (33) (34) and factors including greater solubility in n-butanol than PBS play key roles in the extent of the pheophorbide retention on the silica tip surface. The results were similar from internal irradiation (described here) vs external irradiation (26) of the sensitizer solid, where increasing light intensity in the former was a correlation with, but not causation of the sigmoidal behavior.
As might have been expected, the light intensity emerging through the tip increased over the course of the PBS experiment. Power meter measurements have correlated the amount of light delivered through the tip with the fraction of detached sensitizer. Figure 3 shows that after 2 h, there is a net 10% sensitizer photorelease, which only yielded a 23% increase in the light intensity through the probe tip. With the increased light delivery, the affect may be one of increasing the 1 O 2 concentration available at the end of the fiber adjacent to the probe tip. But we did not attribute the increasing light intensity as playing a significant role in causing the sigmoidal photorelease behavior.
Guided by the results of the microtipped device for sensitizer photorelease in PBS, we proceeded to investigate the efficiency of the pointsource device for killing glioma cells in vitro.
Fiber tip-guided sensitizer delivery for cell killing in discrete locations
We have used the device to demonstrate sensitizer photorelease and global phototoxicity to U87 cells in MEM media. The device contained pheophorbide-attached probe tips, and cell viability was measured 24 h after device treatment by live/dead assay and fluorescence microscopy. Here, the phototoxicity was evaluated in 14 mm diameter microwell experiments. Figure 4 shows a sigmoidal behavior for the photokilling, analogous to the photorelease behavior in solution (Fig. 3) . From 0 to 30 min, the cell killing was slow which was followed by an acceleration and then deceleration at 1.5 h. The increasing sensitizer release and light intensity emerging through the tip over the course of the experiment was roughly proportional to the photokilling (inversely proportional to the normalized viability by live/ dead assay). The phototoxicity reached a maximum of 79% after 2 h (Fig. 4) . We did not observe 100% killing under our experimental conditions.
"Lengthening" the toxic radius of 1 O 2 Although the diffusion distance of 1 O 2 is short (35, 36) with toxicity that does not extend much beyond~100 nm (37-39) sensitizer release from our device gives a diffusible photocatalyst that effectively increases it. This was shown in our examination of the cell killing radius, where we placed the device tip 0.25 mm above U87 cells spread into a monolayer on a 200 lL microwell plate (diameter = 14 mm). Figure 5 shows the photokilling radius as a function of time. The nonviable, propidium iodidestained detached cells were aspirated as part of the standard protocol for the live/dead assay. Consequently, the images in Fig. 5 show viable green attached cells. The radius of cell killing increases and proceeds from 0.1 to 2.9 mm for treatment times of 0.5 to 2.0 h, respectively. Compare the insets for "control" and treatment time = 0 h (Fig. 5) , which shows that cell viability with only light and O 2 for 1 h is~95% indicating that the sensitized formation of 1 O 2 is required for the cell photokilling. A limited number of peripheral cell deaths were observed based on the fluorescence intensity of the attached cells from the no treatment image to those lying outside the treatment zones.
Mechanism
Our data support the mechanism depicted in Scheme 1. Visible light and oxygen gas emerge from the pointsource tip. The ethene group reacts with 1 O 2 for sensitizer release, following dioxetane cleavage, availing the sensitizer's phototoxic activity to the U87 cells.
Notice there was an increased photokilling rate from 0.5 to ). Thus, it follows the radius of cell killing increases in the midpoint of the reaction. The notion was the probe tip is most lethal at 0.5-1.0 h when the photorelease rate was at its fastest. We know as the result of work with native silica that using fluorinated silica increases the photorelease (26) . In addition to a Teflon-like repellent surface, evidence is for reduced physical quenching of 1 O 2 with the fluorinated silica compared to native silica (21) , which is an important factor in the self-accelerated sensitizer release.
We view 1 O 2 as a key species initiating events causing phototoxicity. Red-light irradiation of pheophorbides mainly proceeds by a Type-II (singlet oxygen) photosensitized mechanism (40, 41) rather than a Type-I mechanism involving superoxide, hydroxyl radical and related species (42, 43) . It was evident from Fig. 2 that of the sensitizer delivered,~20% diffused into the cells, but we did not discriminate whether cell death depends more on extracellular or intracellular 1 O 2 . Although an interconnection for the extracellular route could, in principle, be made with a membrane-impermeable sensitizer (44) . The diffusion coefficients of 1 O 2 or of pheophorbide were not estimated due to the heterogeneity of the system.
CONCLUSION
We describe a microoptic device, which combines a diode laser, a hollow fiber optic and a porous silica probe tip, to deliver a pheophorbide (sensitizer) and singlet oxygen. The sensitizer photocleaves away from the probe tip and diffuses through media until it reaches the glioma cells. A rapid photorelease function was identified about midway through the reaction. This builds on the previous work that was published in 2013 (26) , which found an autocatalytic-assisted photorelease of a sensitizer bound to a fluorosilane-coated silica surface into butanol and octanol solutions.
Development of the device for cancer eradication applications requires good precision in cell killing. Precision is important in treatment of cancers like glioma to minimize damage to critical normal nearby tissue (23, 24) . Additional experiments will grow from these initial experiments including optimization of sensitizer release, sensitizer cell uptake, light dose rates and also probe tip shape and surface conditioning to further enhance the cell killing. Our basic message is that the pointsource approach has potential benefits compared to conventional systemic photosensitizer delivery for PDT. Its significance may include the treatment of brain tumors, e.g. glioblastoma multiforme. That the device tip delivers 3 O 2 is an essential (and somewhat indispensable) feature of the technique. The device can, in principle, connect to fiber optic methods to improve cell-killing precision in oxygen-poor sites during PDT (45) .
